Introduction
============

Protoporphyrin IX (**I**) (Figure [1](#fig01){ref-type="fig"}) is an amphiphilic porphyrin with a rigid hydrophobic nonpolar core, lipophilic substitutions at C2, C3, C7, C8, C12, and C18, and two polar propionic acid substitutions at C13 and C17 in the porphyrin ring.[@b1] This arrangement prevents crystallization and favors self-aggregation via very stable dimers in which the porphyrin unit rotates by 180 ° resulting in a symmetric distribution of the hydrophilic head groups.[@b2] This amphiphilic arrangement can be modified on both the hydrophobic vinyl group, as well as the hydrophilic propionic acid group. The expansion of the planar aromatic core can be employed to construct novel nanostructures by strengthening π--π-stacking and spontaneous self-assembly.

![Substituted protoporphyrin IX derivatives I--V reported with self-assembly capabilities.](open0004-0516-f1){#fig01}

Engineering the protoporphyrin IX and its derivative assemblies to create functional nanomaterials is an attractive field of research due to their various potential applications.[@b3],[@b4] These materials could be used in long-range energy and electron transport (e.g. light harvesting and mimicking natural photosynthesis),[@b5]--[@b10] supramolecular chemistry,[@b11]--[@b16] materials science,[@b17],[@b18] solar cells,[@b19] and biomedical applications.[@b20]--[@b23] In our previous work,[@b24]--[@b27] examples used for self-assembly included alkyl- or oligoethylene-glycol-substituted rings on the polar end or both polar and nonpolar sides (Figure [1](#fig01){ref-type="fig"}). Specifically, the self-assembly of the triethylene-glycol-modified protoporphyrin IX derivative **II** produced uniformly-sized, multilamellar microvesicles in nonpolar solvent mixtures and micellar aggregates in polar solvent mixtures.[@b24] Protoporphyrin IX derivative **III**, bearing highly branched alkyl chains, self-assembled into well-defined nanostructures, e.g. rod- and honeycomb-like morphologies, in polar and nonpolar solvent mixtures via solvophobic control.[@b25] The expansion of the hydrophobic region of protoporphyrin IX by substituting with alkyl chains and triethylene glycol at both hydrophilic and hydrophobic ends, respectively, resulted in compound **IV**, which aggregated into long nanowires.[@b26] Finally, fibril nanostructures were produced when hydrophobic alkyl chains were substituted on one end and triethylene glycol in the hydrophilic region of protoporphyrin IX derivative **V**.[@b27]

In nature, elegant arrangements of peptide--porphyrin conjugates are essential in conducting biological processes.[@b28]--[@b31] This has inspired researchers worldwide to investigate the self-assembly and supramolecular structures of porphyrin--peptide conjugates mimicking the structure and role of natural porphyrin.[@b32]--[@b38] In this work, we explore the development and use of [l]{.smallcaps}- and [d]{.smallcaps}-phenylalanine-substituted protoporphyrin IX derivatives **1** and **2**, respectively, for the solvophobic-controlled assembly of nanostructures (Figure [2](#fig02){ref-type="fig"}). Characteristically, [l]{.smallcaps}- and [d]{.smallcaps}-phenylalanine-substituted protoporphyrin IX derivatives **1** and **2** possess two important properties resulting in the formation of varied nanostructures through noncovalent interactions: 1) a porphyrin aromatic core which is designed to optimize the dispersive interactions (π---π stacking and van der Waals interactions) between the cores within a construct and 2) a chiral amino acid that helps maximize the influence of solvents and chirality in aggregation mode.

![Structures of [l]{.smallcaps}- and [d]{.smallcaps}-phenylalanine-substituted protoporphyrin IX derivatives 1 and 2 and a scheme proposing the self-assembled structure of 1 in a fibril network.](open0004-0516-f2){#fig02}

Results and Discussion
======================

Synthesis
---------

The protoporphyrin IX derivatives modified with [l]{.smallcaps}- and [d]{.smallcaps}-phenylalanine (compounds **1** and **2**) were prepared in two steps:[@b39] The first step was formation of diacetyl chloride from the reaction of commercially available protoporphyrin IX and oxalyl chloride in dry dichloromethane under nitrogen for four hours. Next, protoporphyrin IX diacetyl chloride was readily reacted with methyl [l]{.smallcaps}- or [d]{.smallcaps}-phenylalanine hydrochloride salt using a catalytic amount of pyridine in dry dichloromethane, under nitrogen atmosphere. These reactions gave **1** and **2** as a purple solids in quantitative yields (Scheme [1](#fig01){ref-type="fig"}). Compounds **1** and **2** were fully characterized using infrared (IR) spectroscopy, ^1^H and ^13^C NMR spectroscopy, and electrospray ionization (ESI) and high-resolution mass spectrometry (HRMS). Their optical properties were measured by UV/Vis, fluorescence, and circular dichroism (CD) spectroscopy.

![Synthesis of protoporphyrin IX derivatives 1 and 2. *Reagents and conditions*: a) COCl~2~, dry CH~2~Cl~2~, N~2~, rt, 4 h; b) L- or [d]{.smallcaps}-phenylalanine hydrochloride salt, dry CH~2~Cl~2~, catalytic amount of pyridine, rt, 24 h, 80 % (1 or 2).](open0004-0516-sch1){#sch01}

UV/Vis absorption and fluorescence spectroscopy
-----------------------------------------------

**1** and **2** were found to be well soluble in chloroform resulting in a sharp absorption spectra consistent with the presence of the monomeric form.[@b24]--[@b27] Typically, the absorption spectrum of **1** in chloroform showed a Soret band at 408 nm (*ɛ*=4.1×10^5^ [m]{.smallcaps}^−1^ cm^−1^) and four weaker Q-bands at 505, 541, 576, and 630 nm (Figure [3](#fig03){ref-type="fig"}).

![A---B) UV/Vis absorption spectra of 1 (1×10^−5^ [m]{.smallcaps}) in CHCl~3~/hexane (A) and CHCl~3~/MeOH (B). C---D) Fluorescence emission spectra (λ~ex~=408 nm) of 1 in CHCl~3~/hexane (C) and CHCl~3~/MeOH (D).](open0004-0516-f3){#fig03}

Changing the hexane to chloroform ratios of solutions of **1** conferred significant changes in its UV/Vis absorption bands. The changes could be attributed to aggregation effects leading to a reduction in the peak intensity, along with a 3 nm redshift of the Soret band and a loss of the fine structure. The absorption of **1** in chloroform/methanol showed almost identical behavior to the spectrum in chloroform/hexane, except for the absence of the red shift at *λ*~max~=408 nm (Figure [3](#fig03){ref-type="fig"} B). This phenomenon is associated with J-type aggregation. Temperature-dependent UV/Vis absorption spectroscopy of compounds **1** and **2** revealed that in chloroform/hexane, disaggregation happens above 40 °C, whereas in chloroform/methanol, the self-assembly destabilizes above 50 °C (see Figures S1 and S2 in the Supporting Information). Competitive experiments with H-bond-displacing solvents, like dimethylsulfoxide (DMSO), showed the disaggregation of the assembly with a slightly decreased absorption intensity only due to dilution effects (Figures S3 and S4 in the Supporting Information). Furthermore, concentration-dependent UV/Vis absorption spectroscopy only showed increasing intensities for both compounds **1** and **2** (Figures S5 and S6 in the Supporting Information).

The emission spectrum of **1** in chloroform showed two bands at 633 and 701 nm upon excitation at 408 nm (Figure [3](#fig03){ref-type="fig"} C). The aggregation features of **1** in solution were studied by varying the proportion of hexane in chloroform (0--50 % *v/v*). It could be clearly seen that as the proportion of hexane increased, the fluorescence emission of **1** decreased and became red-shifted. An identical trend of fluorescence quenching was observed for **1** in chloroform/methanol (0--50 % *v/v*) (Figure [3](#fig03){ref-type="fig"} D). Fluorescence spectroscopy of **1** in chloroform/hexane and chloroform/methanol also supported J-type aggregation.[@b10]--[@b13] The aggregation of compound **2** was also studied using UV/Vis and fluorescence spectroscopy and a similar trend was observed (Figure S7 in the Supporting Information). ^1^H NMR spectroscopy of **1** showed broadening of peaks with increasing concentration, which we believe is due to higher aggregates (Figure S8 in the Supporting Information).

CD spectroscopy
---------------

The effects of the chirality of **1** and **2** on the self-assembly process were further elucidated by using CD spectroscopy. The [l]{.smallcaps}/[d]{.smallcaps}-phenylalanine subunit contains a chiral center that can affect the orientation of the self-assembling molecules. What happens is a change in the direction of approach between the hydrogen bonds of aggregating molecules. Here, one would expect protoporphyrin IX derivatives **1** and **2**, appended with [l]{.smallcaps}- and [d]{.smallcaps}-phenylalanine, to form chiral self-assemblies. The chloroform solutions of **1** and **2** were CD active with characteristic CD spectra (Figure [4](#fig04){ref-type="fig"}). Derivative **1**, bearing an [l]{.smallcaps}-phenylalanine amide, showed a bisignated Cotton effect in the range of 350 to 420 nm; that is, symmetric positive bands were observed at 408 nm, a negative band at 418 nm, and a small band at 376 nm. All these correspond to the Soret band of the absorption spectrum of **1**. Thus, the CD spectrum of **1** in chloroform showed positive excitonic Cotton effects, while derivative **2**, bearing [d]{.smallcaps}-phenylalanine amide, showed an asymmetric positive band at 414 nm and a negative one at 406 nm in chloroform. A positive Cotton effect was observed for **1**, and a negative Cotton effect was observed for **2**, indicating P- and M-type helical assembly, respectively.[@b40],[@b41]

![CD spectra of 1 (1×10^−5^ [m]{.smallcaps}, green line) and 2 (1×10^−5^ m, blue line) in CHCl~3~.](open0004-0516-f4){#fig04}

Furthermore, we investigated the effects of nonpolar (hexane) and polar (methanol) solvents on the CD spectra of **1** and **2** in chloroform (Figures S9 and S10 in the Supporting Information). Increasing the hexane proportion decreased the amplitude of the CD signal, causing CD silence at more than 70 % hexane. Here, we postulate that at higher proportions of hexane, the increased hydrophobic forces decrease the angles between transition dipole moments of the stacked porphyrins to zero, resulting in CD silencing. A similar trend was also observed upon adding methanol to the chloroform solution. The CD spectra imply that with higher concentrations of **1** and **2**, there are no changes in the Cotton effect. However, after dilution there is a decrease in peak intensity, with the amplitude of the CD signal approaching zero, suggesting probable CD silencing (see Figure S11 in the Supporting Information).

Scanning electron microscopy
----------------------------

Scanning electron microscopy (SEM) was used to visualize the larger nano- and microstructures of the aggregates of **1** and **2** upon evaporation of their solutions in chloroform/hexane (6:4) and chloroform/methanol (6:4) (Figure [5](#fig05){ref-type="fig"} and Figures S12--S15 in the Supporting Information).

![SEM images of aggregates of protoporphyrin IX derivatives (1×10^−5^ [m]{.smallcaps}) produced by solvent evaporation. A---C) 1 from CHCl~3~/hexane (6:4). [D]{.smallcaps}--F) 2 from CHCl~3~/hexane (6:4). G--I) 1 from CHCl~3~/MeOH (6:4). J--L) 2 from CHCl~3~/MeOH (6:4).](open0004-0516-f5){#fig05}

The scanning electron micrograph of **1** in chloroform/hexane (6:4, *v/v*) is shown in Figure [5](#fig05){ref-type="fig"} A--C. The smallest structures of aggregated **1** from chloroform/hexane were long and thread-like, with 7 nm thickness as shown in Figure [5](#fig05){ref-type="fig"} C. These threads formed bundles measuring 14 nm in diameter or more, depending on the number of twisted threads aligned along one other. These high-aspect-ratio threads aggregated to form yarns above 200 nm in diameter, e.g. the one shown in Figure [5](#fig05){ref-type="fig"} B is 310 nm in diameter.

The aggregation structures of **2** in chloroform/hexane (6:4, *v/v*) after solvent evaporation were global agglomerates of irregular smaller structures about 200 nm in diameter with low aspect ratios. Smaller nanostructures were not detected as shown in Figure [5](#fig05){ref-type="fig"} D--F.

The aggregation of **1** in chloroform/methanol (6:4, *v/v*) presented two types of large formations: irregular lamellar structures with an average length of 650 nm, as shown in Figure [5](#fig05){ref-type="fig"} H, and spherical shapes with an average diameter of 560 nm, as shown in Figure [5](#fig05){ref-type="fig"} I. Maybe these spherical structures were deformed because they were shells that could not support the structure and buckled under pressure after solvent evaporation. No smaller nanostructures were seen.

The aggregation of **2** in chloroform/methanol (6:4, *v/v*) gave small twisted needle-shaped nanostructures which were, on average, 8 nm wide and 100 nm long as shown in Figure [5](#fig05){ref-type="fig"} K. The main aggregates were larger spherical shells with an average diameter of 500 nm as shown in Figure 5 L; these shells collapsed upon solvent evaporation.

Such a solvent-assisted molecular assembly of [l]{.smallcaps}-/[d]{.smallcaps}-phenylalanine amide allowed us to fabricate various nanostructures, suggesting that the polarity of the solvent plays an important role. This was similar to previously observed controlled nanomorphologies of porphyrin and other derivatives.[@b42]--[@b45] In addition, the presence of the [l]{.smallcaps}-/[d]{.smallcaps}-phenylalanine group in **1** and **2** favors the induction of chirality in the molecule as shown by CD spectroscopy in Figure [4](#fig04){ref-type="fig"} and the SEM results, showing twisted needles and thread-like nanostructures which support chirality. However, there were no aggregates of **1** and **2** at any concentration in neat chloroform.

The formation of globular aggregates in solution was confirmed by dynamic light scattering (DLS) analysis of **1** and **2** (1×10^−4^ [m]{.smallcaps}). The average diameter was observed to be 100--220 nm with a polydispersity index of 0.11 from chloroform/hexane (6:4, *v/v*), shown in Figure [6](#fig06){ref-type="fig"}. The diameter of the aggregates formed from chloroform/methanol (6:4, *v/v*) fell in the range of 500--850 nm. From this size organization, **1** and **2** in chloroform/methanol (6:4, *v/v*) formed multilamellar spherical shells. Moreover, the globular aggregates displayed a very narrow size distribution, and were highly stable against coagulation. The hydrodynamic radius (*R*~H~) of the vesicles derived from the characteristic line width were obtained by the CONTIN analysis method.[@b46]

![Dynamic light scattering (DLS) analysis of protoporphyrin IX derivative aggregates produced from 1 or 2 (1×10^−4^ [m]{.smallcaps}) in CHCl~3~/hexane (6:4) (left pair) or CHCl~3~/MeOH (6:4) (right pair).](open0004-0516-f6){#fig06}

We speculate that the self-assembly is predominantly driven by π--π interactions among the cores of the porphyrins, with the chiral amino acid interactions leading to further aggregation (Figure [2](#fig02){ref-type="fig"}).The overall structure may also be stabilized by the intermolecular H-bonds between the amide groups of the amino acids.

Conclusions
===========

In summary, we have reported the assembly of protoporphyrin IX derivatives with [l]{.smallcaps}-/[d]{.smallcaps}-phenylalanine. The fabrication of self-assembled materials is solvent dependent. The results obtained by varying the ratios of solvents such as chloroform/hexane and chloroform/methane, demonstrate that the aggregation of **1** in these solvents forms spherical and fibril nanostructures, and the aggregation of **2** forms fibril bundles with spherical shells and lamellar nanostructures.

Experimental Section
====================

Chemistry
---------

**Materials**: Protoporphyrin IX, dimethylformamide (DMF), CHCl~3~, MeOH, and CH~2~Cl~2~ were purchased from Sigma--Aldrich (Bangalore, India) and used without purification. UV/Vis absorption spectra were recorded on a Shimadzu UV-3150 spectrometer (Kyoto, Japan) and fluorescence emission spectra on a FluoroMax 4 (Horiba Scientific, Kyoto, Japan). ^1^H NMR (400 MHz) and ^13^C NMR (100 MHz) spectra were recorded on an Avance 400 NMR spectrometer (Bruker, Billerica, USA) using CDCl~3~ as solvent. The solvents for spectroscopic studies were of spectroscopic grade and used as received. A stock solution of **1** and **2** was prepared in CHCl~3~, and self-assembled samples were prepared by diluting these stock solutions with hexane or MeOH. The sample solutions were kept at rt for a few hours before SEM measurement.

**UV/Vis spectroscopy**: Solutions of **1** and **2** in CHCl~3~/hexane and CHCl~3~/MeOH (1×10^−5^ [m]{.smallcaps} final concentration) were used to obtain spectra. The UV/Vis measurements were recorded at rt using a Shimadzu UV-3150 spectrophotometer equipped with a cuvette with a path length of 1 cm.

**Fluorescence spectroscopy**: The fluorescence spectra of derivatives **1** and **2** in CHCl~3~/hexane and CHCl~3~/MeOH were taken in a quartz cuvette of 1 mm path length at rt and λ~ex~=408 nm. The fluorescence spectra were recorded on a Horiba FluoroMax-4 spectrofluorometer at 25 °C.

**CD spectroscopy**: CD experiments were performed on a JASCO 815 CD Spectropolarimeter (Tokyo, Japan).

**SEM**: SEM samples were prepared by solvent evaporation on a silicon wafer and then sputter coating with gold for 10 s at 0.016 mA Ar plasma (SPI, West Chester, USA). These were imaged using an FEI Nova NanoSEM (Hillsboro, USA) operating under high vacuum.

**Synthesis of methyl [l]{.smallcaps}-phenylalanine diamideprotoporphyrin IX (1)**: A round-bottom flask containing protoporphyrin IX (100 mg, 0.017 mmol) and dry CH~2~Cl~2~ (15 mL) was evacuated and flushed with N~2~. Then oxalyl chloride (1 mL, 0.08 mmol) was added to the flask dropwise at 0 °C. The reaction mixture was returned to rt and stirred for 3 h. The mixture was then concentrated in vacuo to give a green solid. The green solid was used without purification for further reaction. [l]{.smallcaps}-phenylalanine hydrochloride salt (146 mg, 0.068 mmol) dissolved in dry CH~2~Cl~2~ (5 mL) was added to a solution of the previously obtained compound in dry CH~2~Cl~2~ (10 mL). To this reaction mixture pyridine (1 mL) was added dropwise with stirring. The reaction mixture was stirred at rt for 12 h. Then MeOH (5 mL) was added and stirred well for another 5 min. After completion of the reaction (monitored by TLC), the solvent was removed in vacuo. The gummy reaction mixture was dissolved in CH~2~Cl~2~ (100 mL) and washed with aqueous 10 % *w/v* NaHCO~3~ solution (2×30 mL), 0.1 [m]{.smallcaps} HCl (1×20 mL), H~2~O (1×20 mL), and brine (1×20 mL). The resultant organic solvent was dried over Na~2~SO4, filtered, and concentrated in vacuo. The resulting solid was purified by flash column chromatography on silica with 1 % MeOH in CHCl~3~ as eluent to give **1** as a dark violet crystalline material (127 mg, 80 %); mp: 245 °C; ^1^H NMR (CDCl~3,~ 400 MHz): *δ*=10.09--9.90 (m, 4 H, 4×methine protons), 8.20 (m, 2 H, 2×CHCH~2~), 6.80--6.89 (br s, 2 H, −CONH), 6.45--6.68 (m, 10 H, 5×2 Ph), 6.45--6.15 (m, 4 H, 2×CHCH~2~), 4.62--4.66 (m, 2 H, CO−CH−NH), 4.35--4.30 (m, 4 H, 2× CH~2~CH~2~CONH), 3.56--3.66 (m, 12 H, 4×ring methyl), 3.14--3.16 (br, s, 6 H, 2×OCH~3~), 3.00--3.11 (m, 4 H, CH~2~−Ph), 2.67--2.53 (m, 4 H, 2×CH~2~CH~2~CONH), −3.89 ppm (br s, 2 H, 2×ring NH); ^13^C NMR (CDCl~3~, 100 MHz): *δ*=172.5, 171.6, 135.5, 135.4, 130.1, 128.7, 128.6, 127.8, 126.4, 120.5, 97.6, 96.9, 96.8, 96.6, 53.1, 53.1, 51.7, 39.6, 39.5, 37.3, 37.4, 22.9, 22.8, 12.5, 11.5, 11.4 ppm; IR (KBr): ṽ=1741, 1645, 1539, 1437, 1250, 1108, 1071, 988, 908, 838, 700, 490 cm^−1^; ESI-MS *m*/*z*: 885 \[*M*\]^+^; HRMS *m*/*z* \[*M*\]^+^calcd for C~54~H~56~N~6~O~6~: 885.4334, found 885.4349.

**Synthesis of methyl [d]{.smallcaps}-phenylalanine diamideprotoporphyrin IX (2)**: Compound **2** was prepared from protoporphyrin IX (100 mg, 0.017 mmol) and [d]{.smallcaps}-phenylalanine hydrochloride salt (146 mg, 0.068 mmol) in a similar manner to **1**, to yield a dark violet crystalline material (127 mg, 80 %); mp: 250 °C; ^1^H NMR (CDCl~3~, 400 MHz): *δ*=10.15--9.96 (m, 4 H, 4×methine protons), 8.22--8.28 (m, 2 H, 2×CHCH~2~), 6.80--6.87 (br s, 2 H, −CONH), 6.45--6.72 (m, 10 H, 5×2 Ph), 6.45--6.15 (m, 4 H, 2×CHCH~2~), 4.62--4.66 (m, 2 H, CO−CH−NH), 4.35--4.30 (m, 4 H, 2×CH~2~CH~2~CONH), 3.56--3.66 (m, 12 H, 4×ring methyl), 3.14--3.16 (br, s, 6 H, 2×OCH~3~), 3.00--3.11 (m, 4 H, CH~2~−Ph), 2.67--2.53 (m, 4 H, 2×CH~2~CH~2~CONH), −3.89 ppm (br s, 2 H, 2×ring NH); ^13^C NMR (CDCl~3~, 100 MHz): *δ*=172.5, 171.6, 135.5, 135.4, 130.1, 128.7, 128.6, 127.8, 126.4, 120.5, 97.6, 96.9, 96.8, 96.6, 53.1, 53.1, 51.7, 39.6, 39.5, 37.3, 37.4, 22.9, 22.8, 12.5, 11.5, 11.4 ppm; IR (KBr): ṽ=1741, 1645, 1539, 1437, 1250, 1108, 1071, 988, 908, 838, 700, 490 cm^−1^; ESI-MS *m*/*z* 885 \[M\]^+^, HRMS: *m*/*z* \[*M*\]^+^ calcd for C~54~H~56~N~6~O~6~: 885.4334, found 885.4356.
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